An investigation is carried out to study the theoretical tidal stream energy resource in the Singapore Strait to support the search for renewable energy in the effort to reduce the carbon footprints in the Southeast Asia. The tidal hydrodynamics in the Singapore Strait has been simulated using a Semi-implicit Eulerian-Lagrangian Finite-Element (SELFE) model solving the 3D shallow water equations with Boussinesq approximations. Potential sites, with high tidal current (2.5 m/s) and suitable for Tidal Energy Converter (TEC) array installation to generate sustainable energy, have been identified. Further, various operational factors for installation of Tidal Energy Converters are considered before computing the theoretical power output for a typical TEC array. An approximate estimation of the possible theoretical power extraction from a TEC array shows an energy potential of up to 4.36% of the total energy demand of Singapore in 2011. Thus, the study suggests a detailed investigation of potential sites to quantify the total tidal stream energy potential in the Singapore Strait.
INTRODUCTION
The increasing energy demand, present dependence on limited conventional fossil fuels and the alarming effect of global warming shows the need to reduce the carbon footprints in the future. The economical and viable renewable energy sources and recent development in energy extraction devices (Behera et al., 2012) are considered as a potential development to evade these global concerns.
Recently, tidal current energy is receiving more and more attention from scientists, industrialists and politicians. The attractions of tidal currents to renewable energy developers are obvious. The medium, seawater, is more than 800 times denser than air and the astronomic nature of the underlying driving mechanism results in an essentially predictable resource (tides can be predicted years in advanced), although subject to weather-related variability. All around the world, scientists study this large and untapped energy resource. Singapore being a front runner in the advanced technologies has recently focused on various renewable energy sources along with tidal stream energy. In the past few years energy consumption of Singapore has shown an increasing trend and reached its record highest of 40 TWh in 2012 (CIA World Factbook, 2012) . This has put an extra load on the already overloaded petroleum and gas resources and increasing carbon footprint. Thus, Singapore is focused to shift from the use of traditional fossil fuels to renewable energies.
In this paper, the availability of theoretical tidal stream energy in the Singapore Strait (Figure 1 ) is investigated and suitable locations for tidal energy converter (TEC) arrays are identified. An approximate estimation of the possible theoretical power extraction from a TEC farm is presented.
MATERIALS AND METHODS
The investigation needs a robust hydrodynamic model, clear understanding of tidal stream energy and turbine characteristics for extracting useful tidal stream energy. The flowing sections outline the above in details.
Numerical model
A Semi-implicit Eulerian-Lagrangian finite-element (SELFE) model is used to solve the 3D shallow water equations with Boussinesq approximations (Zhang and Baptista, 2008) . It also solves the transport equations for salinity and water temperature. In a Cartesian frame, the equations read: ). SELFE solves this system of differential equations with combined finite-element and finite-volume schemes to compute the primary variables such as free-surface elevation, 3D velocity, 3D salinity and 3D water temperature (O'Rourke et al., 2010) . The use of semi-implicit schemes, no mode splitting and decoupled solution of continuity and momentum equations eliminates the associated errors during the splitting between internal and external modes with a stable and robust solution. The transport equations are treated with either ELM or a finite volume upwind method (O'Rourke et al., 2010 and Zhang and Baptista, 2008) . The equations are solved in a hydrostatic and baroclinic condition for the present study. The simulation is carried out for 15 days covering spring and neap tide phase to compute the available average tidal power for one complete tidal cycle.
The Singapore Strait and Johor Strait along with numerous islands are considered within the computational domain for proper representation of the flow characteristics. The considered domain with small islands, highly irregular coastline and varying bathymetry needs high resolution discretisation requiring computationally intensive resources. In order to simplify and speedup the modelling, we have considered the central west region (CWR) as shown in Fig. 2 .
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Figure 2. Bathymetry contours of the CWR domain CWR consists of the central west region of Singapore Strait including the West Johor Strait, the islands on south of Singapore and the wetlands connected to the West Johor Strait. The smaller islands and wetlands in the Singapore Strait are also considered in the model to obtain the realistic flow characteristics. Water depths from the southern end of Malacca Strait to the South China Sea are generally less than 50m, except in small area off the southern coast of St John's Island, where water depths reach more than 170m. Water depths in the Johor Strait range from few meters along coastal boundaries to about 20m along the center of the Strait (Chan et al., 2006) as shown in Fig. 2 . The computational domain is discretised with triangular horizontal grids of size varying from 20m near the coastal region to 1500m in the offshore region with approximately 0.15 million elements. Ten layers of sigma coordinate grids are used for discretisation of vertical water column. Finer mesh is used around the region of interest. A time step of 10 seconds is used for computation. The domain is forced with tidal fluxes from South China Sea on the east, Malacca Strait on the west and Java Sea on the South by specifying the tidal elevations along the open boundaries (shown in Fig. 3 ).
Tidal stream energy
Tidal current turbines extract the kinetic energy from the moving unconstrained tidal streams to generate electricity (Bryden et al., 1997; Bryden et al., 2004; Bryden and Couch, 2007) . The tidal stream energy is a function of 3rd order of tidal current velocity and the theoretical power is given as: However, it is impossible for the intercepting tidal turbines to extract all the available energy in the tidal stream. The energy that can be converted to a mechanical form using the available tidal turbines in the market is given by (7) The power coefficient (C p ) is the percentage of power that can be extracted from the fluid stream. According to the studies carried out by Albert Betz, the theoretical maximum amount of power that can be extracted from a fluid flow is about 59%, which is referred as Betz limit (C p = 0.59). This was derived for wind turbines. However, this theory has been extended for tidal turbines.
Tidal turbine characteristics
First of all, it is necessary to understand the working behaviour of a turbine in a varying flow regime. The turbine with number of blades attached to the central shaft intercepts the kinetic energy of the fluid flow and starts to rotate. However, the rotation becomes meaningful when the turbine starts generating usable power and the tidal current velocity for generating this speed is known as cut-in speed. Similarly, the turbine's output power remains same even with an increase in the tidal current velocity after a certain limit. This speed limit is known as rated speed. Thus, the working limits of all the turbines are characterised by their cut-in speed (v cut-in ) and rated speed (v rated ). Figure 4 shows the typical variation of working limits of velocity for a selected turbine. When the rated speed is reached, the turbine will generate its designated rated power which is given by (8) The inclusion of a cut-out speed depends on the characteristics of the site and it is not usually necessary due to the high predictability of tidal currents. In the present case, the cut-in and rated speeds are considered as 0.7 m/s and 1.0 m/s respectively for power calculation during flood and ebb tide. 
RESULTS AND DISCUSSION

Tidal hydrodynamics in Singapore Strait
After reviewing the turbine characteristics, equations and parameters required for power computation, we need to enumerate the hydrodynamic conditions in the Singapore Strait to recognize the potential sites for installation of tidal energy converters (TECs). The robust SELFE model is used to simulate the hydrodynamics in Singapore Strait. Currents in Singapore Strait Region are driven by monsoon winds and tides. Although wind driven currents are dominant in the open areas, such as South China Sea, the influence of local wind on the currents in the Singapore Strait is less significant compared to the influence of tidal forcing (Chan et al., 2006) . The contribution from the river discharge to the current in the Singapore Strait is also insignificant compared to the peak tidal currents in the Strait. Thus, the model was forced by the time series of tidal surface elevation prescribed at the open boundaries of the study domain.
To capture neap and spring phases of the tide, simulation is carried out for over a period of 15 days. Due to absence of measured current data, the model results are validated by comparing computed and measured surface elevation at a tide gauge station at Tanjong Pagar as shown in Fig. 5 . It is observed that SELFE results are closely following the measured surface elevations at the tide gauge stations. The flow field in the computational domain is obtained for various time instants during strong and slack tide. The current magnitude and flow patterns are analysed at various locations. It is considered that the TEC could be operated during both flood and ebb currents. During ebb tide, the predominant flow direction is towards South-West and during flood tide flows are towards North-East which changes approximately every 6 hours. Typical snap shots of velocity magnitudes during the simulation duration are shown in Fig. 6 .
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Assessment of kinetic tidal energy resources using SELFE International Journal of Ocean and Climate Systems It is observed that the average current speed off the west coast of St John's Island is significant enough for a potential site for TEC installation. Moreover, we can note the difference in flow speed near islands and coasts. The simulation results suggest various high current regions within the strait with current magnitude of 2.5 m/s at specific locations and more than 1.5 m/s at most of the region. This shows a promising potential of tidal energy.
Energy potential in the Singapore Strait
The average power is computed over the domain assuming a turbine rotor diameter of 20 m and is presented in Fig. 7 . The potential site off the south west coast of St. John's Island (marked with a square block in Fig. 7) showing the maximum available energy is considered for TEC array analysis. It can be noted that the available theoretical power output is up to 150 W/m 2 in this area. However, earlier we have seen that the available power is different than the turbine power or mechanical power. Thus, the turbine power is computed based on the power coefficient. Also, it has been mentioned that the meaningful power generation starts when the current velocity reaches cut-in speed (0.7 m/s) and increases up to the rated speed (1 m/s) for the selected turbine. As the average velocity in the domain is 1.5 m/s, we have selected a location with its maximum velocity lower than this to obtain the power availability during a slack tide. This means, the power output at any point of time will be higher than this minimum power output. The available current velocity and effective speed are shown in Fig. 8 . It can be noticed that the useful current speed is available for significant duration except during the neap tide. Similarly, the available power and turbine power are computed for this location and shown in Fig. 9 . The results show that a turbine power of approximately 100 kW/m 2 can be obtained during the spring tide at a below average velocity field. Thus, the turbines installed at other locations are expected to generate higher power which will provide more useful power. Thus, a TEC farm at such location can make a significant contribution to the energy need of Singapore.
However, the amount of energy production depends on the number of turbines and their capacity. The number of turbines is calculated based on the potential area of the site and the device spacing. A large scale tidal farm could scale up to 5000-6000 turbines arranged in rows and columns. This number may seem huge but international engineering projects of this nature and size are being discussed all around the world. A typical estimation of power output for a large scale tidal farm could be 1.62 TWh, which is approximately 4% of the electricity consumption of Singapore in 2012 (40 TWh).
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CONCLUSION
Tidal energy potential in Singapore Strait is assessed using advanced hydrodynamic model calibrated for the domain. The velocity fields are obtained by numerical modelling of the central west region of the Singapore Strait. The average power output contour map is produced based on bathymetry and deployable turbine rotor diameter for installation of TECs. A potential site with significant current speeds is identified and a theoretical estimation of power output from the turbine array has been presented. It was observed that the theoretical power output of the TEC array can support 4% of the 2012 energy consumption need of Singapore. The study shows, tidal energy can be a feasible solution to the increasing energy demand and effort to reduce the carbon footprint in Singapore. 
